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Xenopus ATR is a replication-dependent chromatin-binding
protein required for the DNA replication checkpoint
Mohammad Hekmat-Nejad*†, Zhongsheng You‡†, Muh-ching Yee*,
John W. Newport‡ and Karlene A. Cimprich*
Background: The DNA replication checkpoint ensures that mitosis is not
initiated before DNA synthesis is completed. Recent studies using Xenopus
extracts have demonstrated that activation of the replication checkpoint and
phosphorylation of the Chk1 kinase are dependent on RNA primer synthesis by
DNA polymerase α, and it has been suggested that the ATR kinase — so-called
because it is related to the product of the gene that is mutated in ataxia
telangiectasia (ATM) and to Rad3 kinase — may be an upstream component of
this response. It has been difficult to test this hypothesis as an ATR-deficient
system suitable for biochemical studies has not been available. 
Results: We have cloned the Xenopus laevis homolog of ATR (XATR) and
studied the function of the protein in Xenopus egg extracts. Using a chromatin-
binding assay, we found that ATR associates with chromatin after initiation of
replication, dissociates from chromatin upon completion of replication, and
accumulates in the presence of aphidicolin, an inhibitor of DNA replication. Its
association with chromatin was inhibited by treatment with actinomycin D, an
inhibitor of RNA primase. There was an early rise in the activity of
Cdc2–cyclin B in egg extracts depleted of ATR both in the presence or
absence of aphidicolin. In addition, the premature mitosis observed upon
depletion of ATR was accompanied by the loss of Chk1 phosphorylation. 
Conclusions: ATR is a replication-dependent chromatin-binding protein, and
its association with chromatin is dependent on RNA synthesis by DNA polymerase
α. Depletion of ATR leads to premature mitosis in the presence and absence of
aphidicolin, indicating that ATR is required for the DNA replication checkpoint. 
Background
The cell cycle must be strictly regulated to ensure that
genetic information is accurately replicated and transmit-
ted from generation to generation. The DNA replication
checkpoint is a cellular surveillance mechanism that coor-
dinates the completion of DNA replication with entry into
mitosis [1,2]. Activation of this checkpoint ultimately pre-
vents entry of a cell into mitosis in the presence of
unreplicated DNA. Mitotic catastrophe results if prema-
ture mitosis does occur and, in the extreme case, extensive
chromosomal fragmentation is observed [3,4]. Thus, failure
of the replication checkpoint can be lethal. 
Genetic studies in yeast have revealed the identity of
many of the genes required for the replication checkpoint,
and they appear to have been conserved during evolution
[5]. One group of proteins that appears to be central to
checkpoint signaling are members of a phosphatidylinosi-
tol kinase-related (PIK-related) family of kinases [6]. In
Saccharomyces cerevisiae and Schizosaccharomyces pombe, the
key regulators of the checkpoint in this kinase family are
scMec1 and spRad3. Mutations in the genes for either
protein abrogate the checkpoint after treatment with repli-
cation inhibitors or DNA damage [7,8]. Several PIK-related
kinases have been identified in mammalian cells, and those
most closely related to scMec1 and spRad3 are ATM, the
product of the gene that is mutated in ataxia telangiectasia,
and the ATR (ATM and Rad3-related) kinase [8–10].
Although ATM is required for the delay in S-phase pro-
gression induced by ionizing radiation, the response of
ATM-deficient cells to inhibitors of DNA replication
remains intact [11]. Additionally, several proteins that are
regulated by ATM after treatment of cells with ionizing
radiation are modified in an ATM-independent manner
after treatment with inhibitors of DNA replication, sug-
gesting that ATM is not required for the replication
checkpoint [11–15]. There are two observations that suggest
a role for ATR in this response. First, cells expressing a
kinase-inactive, putative dominant-negative allele of ATR
(ATR-ki) are sensitive to inhibitors of DNA replication
(for example, hydroxyurea and aphidicolin) [16]. Second,
disruption of ATR in mice leads to the death of ATR–/–
blastocyst cells from caspase-independent chromosomal
Addresses: *Department of Molecular
Pharmacology, Stanford University, Palo Alto,
California 94305-5174, USA. ‡Department of
Biology, University of California at San Diego,
La Jolla, California 92093-0349, USA.
†M.H.-N. and Z.Y. contributed equally to this work.
Correspondence: Karlene A. Cimprich
E-mail: cimprich@stanford.edu
Received: 29 September 2000
Revised: 27 October 2000
Accepted: 7 November 2000
Published: 27 November 2000
Current Biology 2000, 10:1565–1573
0960-9822/00/$ – see front matter 
© 2000 Elsevier Science Ltd. All rights reserved.
Research Paper 1565
fragmentation [17], a phenotype similar to that observed
during mitotic catastrophe. Although these observations
are consistent with a function for ATR in the replication
checkpoint, there is no direct evidence to support this
hypothesis. Moreover, the sensitivity of cells to hydroxy-
urea may result from a defect in processes other than the
replication checkpoint. For example, cells lacking in rqh1+,
an S. pombe gene that has been proposed to be required for
reversible S-phase arrest, are hydroxyurea sensitive but
not deficient in the DNA replication checkpoint [18,19].
To assess directly the function of ATR in the replication
checkpoint and to gain insight into the pathway that links
the completion of DNA replication with mitosis, we exam-
ined the chromatin-binding properties and function of
ATR in egg extracts of Xenopus laevis. When supple-
mented with DNA from demembranated sperm chromatin,
the crude cytoplasm of a fractionated extract can assemble
nuclei that are replicated under normal cell-cycle control
[20]. These extracts also respond to inhibitors of DNA
replication when the concentration of exogenous DNA
reaches a critical threshold [1]. It has been demonstrated
that this checkpoint response is dependent upon XChk1,
a conserved kinase that is phosphorylated upon check-
point induction [21]. Chk1 phosphorylates the protein
phosphatase Cdc25, resulting in its negative regulation
and preventing the subsequent activation of Cdc2 [22]. 
Recently, it was shown that activation of the checkpoint
and phosphorylation of Chk1 can only occur after initia-
tion of DNA replication [23]. At this time, DNA poly-
merase α (polα) is loaded onto chromatin, leading to RNA
primer synthesis by the primase subunit of polα and the
subsequent extension of this primer by the DNA poly-
merase subunit. Inhibition of primase activity by actino-
mycin D or substitution of the primase subunit with a
mutant that is unable to synthesize the RNA primer pre-
vents activation of the checkpoint and Chk1 phosphoryla-
tion. This suggests that RNA primer synthesis by primase
is the signal that triggers the replication checkpoint, and it
implies that association of some component of the check-
point with chromatin will be dependent on synthesis of
the RNA primer. 
Here, we report the cloning of Xenopus ATR (XATR) and
the effects of ATR depletion on the DNA replication
checkpoint. ATR associated with chromatin in a replica-
tion-dependent manner, whereas two other members of
the PIK-related kinase family, ATM and DNA-PK, did
not. In addition, inhibition of RNA primase by actino-
mycin D prevented the association of ATR with chro-
matin. Depletion of ATR from Xenopus extracts using an
antibody to ATR led to premature mitosis in the presence
and absence of aphidicolin. Loss of aphidicolin-induced
Chk1 phosphorylation was also observed. Taken together,
these data provide evidence that ATR is an upstream
component of the DNA replication checkpoint. They
further suggest that regulation of the transition from S to
M phase in Xenopus extracts may be dependent on ATR’s
ability to detect the presence of an intrinsic signal formed
upon initiation of DNA replication in higher eukaryotes.
Results
Cloning of XATR
The cDNA for XATR was cloned in four steps from oocyte
total RNA using degenerate PCR, and 5′ and 3′ rapid
amplification of cDNA ends (RACE). Each fragment was
independently isolated three times and fully sequenced.
Together, the overlapping cDNA clones defined a com-
plete open reading frame of 2654 amino acids. The pre-
dicted polypeptide sequence shared 72% identity with
human ATR and, like its human homolog, the carboxy-ter-
minal kinase domain of XATR was more closely related to
scMec1 and spRad3 than to ATM. Unlike its S. pombe and
S. cerevisiae homologs (25% and 29% identity with human
ATR, respectively), the homology was significant in
regions outside the kinase domain and was not uniformly
distributed (Figure 1a). This distribution may reflect the
presence of domains that are critical for ATR function.
To study the function of ATR in Xenopus extracts, we gen-
erated several antibodies to the protein. For immunode-
pletion studies, a peptide corresponding to amino acids
1–19 in XATR was conjugated to keyhole limpet hemo-
cyanin (KLH) and used to generate polyclonal antiserum
(anti-XATR-1 antiserum). This antiserum predominantly
recognized one protein in Xenopus extracts by immunoblot-
ting (Figure 1b), and the interaction was specifically com-
peted by prior incubation of the antibody with the peptide
antigen (data not shown). When we used this antibody for
immunoprecipitations, the same protein that was recog-
nized by immunoblotting was precipitated. Moreover, the
protein that immunoprecipitated with this antibody was
also recognized by several other antibodies raised to differ-
ent portions of XATR and human ATR (data not shown).
To explore a possible cell-cycle function for ATR, we
examined its concentration throughout the cell cycle by
removing aliquots from a Xenopus cycling extract and cor-
relating the level of ATR protein with histone H1 kinase
activity. Histone H1 kinase activity peaks on entry of the
extract into mitosis and serves as a biochemical readout of
the activity of Cdc2–cyclin B. Our results indicate that the
concentration of ATR remains constant throughout the
in vitro cell cycle (Figure 1c).
S-phase-dependent chromatin binding 
The function of ATR in cell-cycle regulation was further
assessed by determining if and when ATR associates with
chromatin. When sperm chromatin is added to membrane-
free egg cytosol, pre-replication centers (PRCs) consisting
of the origin recognition complex (ORC), Cdc6, and
1566 Current Biology Vol 10 No 24
minichromosome maintenance (MCM) proteins, form
along the chromatin [24–26]. After these PRCs are formed
in the cytosolic extract, addition of a highly concentrated
nuclear protein extract (NPE) causes DNA replication to
initiate at the pre-formed PRCs [27]. In contrast, if cytosol
and NPE are mixed together first and then chromatin is
added, ORC and Cdc6 associate with the chromatin;
however, the high Cdk2 kinase activity present in this
mixture blocks association of MCM proteins with the
ORC–Cdc6 complexes [27]. In this case, mature PRCs fail
to form and initiation of DNA replication does not occur.
Using this system to control replication initiation, we
examined the association of ATR, ATM, and DNA-PK
kinases with chromatin. When chromatin was incubated
first with cytosol to allow PRCs to form and then NPE
containing the DNA synthesis inhibitor aphidicolin was
added, ATR bound to the replication-initiated DNA
(Figure 2a, lane 3). This suggests that ATR associates with
chromatin following the initiation of DNA replication. In
contrast, when chromatin was added to a mixture contain-
ing both cytosol and NPE, incubated for 60 minutes and
then isolated, this pelleted chromatin lacked ATR
(Figure 2a, lane 2). This clearly shows that ATR does not
associate with chromatin lacking mature PRCs. Together
these results suggest that ATR binds to chromatin only
after initiation of replication. Unlike ATR, both DNA-PK
and ATM failed to associate with chromatin in an initia-
tion-dependent manner. These observations are consistent
with the possibility that association of ATR with post-initi-
ation chromatin is specific and likely to be functionally sig-
nificant. As an alternative approach to determine the
structural state that promotes the binding of ATR to DNA,
the Cdc6 and MCM components of the PRC were immun-
odepleted from cytosolic extracts. When chromatin is
added to these depleted extracts, mature PRCs fail to form
[24,28] and, following addition of NPE, replication fails to
initiate [27]. Again, under these conditions we found that
ATR did not associate with chromatin (Figure 2b).
Following assembly of mature PRCs onto chromatin in
egg cytosol, the NPE-dependent initiation of replication is
dependent on Cdk2 kinase [25,27]. Therefore, in the pres-
ence of the Cdk2 kinase inhibitor p27, mature PRCs fail
to initiate replication following addition of NPE. Under
these conditions, we observed that ATR did not associate
with chromatin (Figure 2b), which again indicates that
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Figure 1
Identification and characterization of XATR. (a) Sequence analysis of
XATR. The percentage identity between human ATR and XATR in
different regions of the protein is indicated. The kinase domain (KD),
which is also found in other PIK-related family members is in gray.
Numbers correspond to the sequence of XATR. This sequence is
available from GenBank under accession number AF320125.
(b) Generation of polyclonal antibodies to XATR. A single major
protein of the expected molecular weight was detected in 1 µl
Xenopus egg extracts separated on a 5–15% SDS–polyacrylamide
gel and probed with anti-XATR 1 antibody. Molecular weights are in
kDa. (c) ATR levels remain constant throughout the cell cycle. The
level of XATR in a cycling Xenopus extract containing 500 nuclei per µl
was visualized by immunoblotting as described in (b) over the course
of two in vitro cell cycles. Aliquots (1 µl) were removed at the indicated
times, frozen in liquid nitrogen and later used in a histone H1 kinase
assay. Samples were run on a 15% SDS–polyacrylamide gel and
analyzed by autoradiography.
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Figure 2
Association of XATR with chromatin is dependent on initiation of DNA
replication. (a) Initiation dependence of the binding of ATR to
chromatin. Lane 1, western blot analysis of XATR, XATM and XDNA-
PK in 1 µl NPE. Lane 3, sperm chromatin was incubated sequentially
with cytosol and then NPE containing aphidicolin. After 30 min,
chromatin-bound proteins were isolated and subjected to western
blotting. Lane 2, as in lane 3 except that chromatin was omitted.
Lane 4, as in lane 3 except that cytosol was incubated with NPE for
30 min before the addition of chromatin. (b) Effect of the depletion of
Cdc6 and Mcm7 and the addition of p27Kip on the ability of XATR to
bind chromatin. Lanes 1 and 2, Cdc6 was depleted from aphidicolin-
treated cytosol and processed as for lane 3 in (a); lanes 3 and 4, as in
lanes 1 and 2 except that Mcm7 was depleted from the cytosol;
lanes 5 and 6, effect of the addition of p27 Kip on the ability of XATR
to bind chromatin.
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ATR cannot associate with mature PRCs. Each of these
experiments was also performed in the absence of aphidi-
colin and similar results were obtained. Together, these
data indicate that the association of ATR with chromatin
is an initiation-dependent process. 
To probe further the dependence of ATR binding on
replication-associated events, we monitored its chromatin-
binding properties at the completion of DNA replication.
Replication is complete by 90 minutes as shown by incor-
poration of [α-32P]dATP. At this time, ATR was no longer
associated with chromatin (Figure 3a). This suggests that
ATR cannot bind chromatin once replication is complete.
Recently, it was shown that activation of the checkpoint,
as assessed by Chk1 phosphorylation, is also an initiation-
dependent event. Furthermore, it was demonstrated that
Chk1 phosphorylation requires RNA synthesis by the
primase subunit of polα [23]. If association of ATR with
chromatin were required for the phosphorylation of Chk1,
inhibition of the primase would be expected to prevent
this binding. To test this possibility, actinomycin D was
added to aphidicolin-treated extracts. Under these condi-
tions, we found that ATR did not associate with chromatin
(Figure 3b). Similar results were obtained in the absence
of aphidicolin (data not shown). These observations indi-
cate that the association of ATR with chromatin is depen-
dent on RNA synthesis by primase, and are consistent
with the possibility that the binding of chromatin by ATR
is required for activation of the checkpoint. 
Finally, we compared the quantity of ATR bound to chro-
matin in the presence and absence of aphidicolin. Although
this drug inhibits primer extension by DNA polymerase,
unwinding of the DNA continues and polα continues to
load onto DNA [23]. If ATR binding is dependent on the
primase activity of polα, increased association of ATR with
chromatin would be expected in the presence of aphidi-
colin. Consistent with this hypothesis, we found that the
association of ATR with chromatin increased when replica-
tion was inhibited by aphidicolin (Figure 3c). 
In summary, we have shown that ATR associates with
chromatin, and this binding is dependent on the PRC
components Cdc6 and Mcm7 and on the S-phase initiator
Cdk2. In addition, the association of ATR with chromatin
increases when replication is blocked and is no longer
observed at the completion of DNA replication. Because
the association of ATR is also blocked by actinomycin D,
we suggest that the association of ATR with chromatin is a
replication-dependent event that is likely to be required
for activation of the replication checkpoint.
ATR is required for the DNA replication checkpoint
The replication-dependent association of ATR with chro-
matin and the increased sensitivity of mammalian cells
expressing ATR-ki to hydroxyurea suggest a potential
function for ATR in S phase [16]. To test this hypothesis,
we determined whether the replication checkpoint was
functioning in an ATR-depleted extract. As shown in
Figure 4a, ATR could be quantitatively depleted from
membrane-free egg cytosol after three rounds of immuno-
precipitation. Two related kinases, ATM and DNA-PK,
were not noticeably depleted under the same conditions.
Moreover, nuclear formation was not perturbed following
immunodepletion of ATR (Figure 4b). Phase contrast
microscopy revealed that the nuclear envelope was intact,
and Hoechst staining showed the chromatin was in a
decondensed state.
We monitored progress through the in vitro cell cycle by
examining the Cdc2–cyclin B catalyzed phosphorylation of
histone H1. As shown by the lack of histone H1 kinase
activity (Figure 4c), aphidicolin-treated, mock-depleted
extract did not enter mitosis, indicating that the checkpoint
was active. In contrast, when ATR was depleted from the
aphidicolin-treated extract, premature mitosis was observed
80 minutes after the addition of cyclin B as indicated by a
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Figure 3
Association of ATR with chromatin is dependent on primase activity.
(a) XATR dissociates from chromatin upon completion of DNA
replication. Lane 1, chromatin was incubated with cytosol and then
with NPE supplemented with 2 µM p27 Kip. Chromatin-bound proteins
were isolated as described in Figure 2a. Lanes 2 and 3, same as
lane 1 except buffer was added to the NPE instead of p27 Kip.
Chromatin-bound fractions were isolated after 30 min (lane 2) and
90 min (lane 3) of incubation in NPE. Levels of XORC2 were
monitored as a gel loading control. Lower panel, DNA replication was
monitored by the addition of [α-32P]dATP after 30 min (lanes 1,2) and
90 min (lane 3) of incubation in NPE. Reactions were terminated after
an additional 60 min of incubation, run on a 0.8% agarose gel and
analyzed by autoradiography. (b) Actinomycin D inhibits association of
XATR with chromatin. Chromatin was incubated with cytosol for
30 min and then with NPE supplemented with aphidicolin and buffer or
10 ng/µl actinomycin D (Act D). Chromatin-bound fractions were
subsequently isolated for western blotting. Levels of XORC2 were
monitored as a gel loading control. (c) Increased binding of XATR to
chromatin in the presence of aphidicolin. Chromatin-bound proteins
from control and aphidicolin (APH)-treated extracts were isolated as
described in Figure 2a. Equal amounts of protein were separated by
SDS–PAGE and subjected to immunoblotting. Levels of XORC2 were
monitored as a gel loading control.
(b)
(c)
  Current Biology  
(a)
XATR
1 2 3
XATR
XORC
XORC
+ 
Bu
ffe
r
+ 
Ac
t D
+ 
Bu
ffe
r
+ 
AP
H
XATR
XORC
DNA
replication
rise in histone H1 kinase activity. These results suggest
that ATR is required for the replication checkpoint.
The binding of ATR to DNA occurred in the absence of
aphidicolin and was dependent on RNA primer synthesis,
leading us to hypothesize that ATR may be required to
continuously monitor the progress of replication. If this
were true, one would expect that depletion of ATR would
also lead to early mitotic entry even in the absence of
aphidicolin. To test this possibility, we examined the
effect of ATR depletion on in vitro cell-cycle progression
in the absence of aphidicolin. As shown in Figure 4d,
histone H1 kinase activity peaked 20–30 minutes earlier
in ATR-depleted extracts than it did in mock-depleted
extracts. We also determined the time required for com-
pletion of DNA replication by measuring the incorpora-
tion of [α-32P]dCTP at various times. Consistent with
previous reports, DNA replication was not completed
until 140 minutes after the start of the experiment (data
not shown) [1,29]. As histone H1 kinase activity was
maximal in ATR-depleted extracts after 115 minutes, our
results indicate that depletion of ATR leads to premature
mitosis even in the absence of aphidicolin. This is consis-
tent with a possible function for ATR in an intrinsic
checkpoint that prevents the initiation of mitosis until
DNA replication is complete.
ATR is required for the phosphorylation of Chk1
The XChk1 protein kinase has been shown to be a compo-
nent of the replication checkpoint, and XChk1 becomes
phosphorylated in response to aphidicolin [21]. To test the
possibility that ATR regulates Chk1, we compared the
phosphorylation of Chk1 after aphidicolin treatment in
ATR- and mock-depleted extracts. To better monitor the
phosphorylation of Chk1, we used a carboxy-terminal frag-
ment of Chk1 with an engineered nuclear localization signal
(XChk1-∆KD). This construct is more efficiently trans-
ported into the nucleus, leading to phosphorylation of a
larger fraction of the radiolabeled Chk1 in egg extracts [23].
We found that Chk1 was not phosphorylated in the ATR-
depleted extract, suggesting that ATR is required for the
aphidicolin-induced phosphorylation of Chk1 (Figure 5a).
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Figure 4
Abrogation of the DNA replication checkpoint in ATR-depleted extracts.
(a) XATR depletion does not affect XATM or XDNA-PK levels.
Immunoblotting of XATR, XATM and XDNA-PK in extracts before and
after depletion of XATR from cytosol using the antibody described in
Figure 1. The levels of replication protein A (RPA) were monitored as a
gel loading control. (b) XATR depletion does not affect nuclear
assembly. XATR-depleted and mock-depleted high speed supernatants
were supplemented with 5% (by volume) washed membranes, an ATP
regenerating system and demembranated sperm nuclei (1000/µl).
Nuclei assembled in both extracts were stained with Hoechst and
visualized by fluorescence microscopy. (c,d) Effect of XATR depletion
on the DNA replication checkpoint. XATR-depleted and mock-depleted
extracts prepared as in (b) were supplemented with (c) 100 µg/ml
aphidicolin or (d) buffer control. Recombinant ∆90-cyclin B was added
when nuclear formation was complete (65 min) at a concentration
predetermined not to override the DNA replication checkpoint.
Progression through the cell cycle was monitored by assessing histone
H1 kinase activity as described in Figure 1c.
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Figure 5
Depletion of ATR prevents the aphidicolin-induced phosphorylation of
Chk1. (a) Radiolabeled (35S) XChk1-∆KD (5% by volume) was
incubated with XATR-depleted and mock-depleted extracts containing
50 µg/ml aphidicolin, 5% membranes and 2000 sperm nuclei per µl.
After a 2.5 h incubation at room temperature, proteins were separated
by SDS–PAGE on a 10% gel and analyzed by autoradiography.
(b) XChk1 is phosphorylated in the absence of aphidicolin.
Radiolabeled (35S) XChk1-∆KD (5% by volume) was incubated in
interphase extracts containing buffer or 50 µg/ml aphidicolin and 2000
sperm nuclei per µl. After a 60 min incubation at room temperature, the
nuclear fraction was isolated as described previously [21] by
centrifugation through a sucrose cushion, and the nuclear portion of
Chk1 was analyzed as described in (a). 
(b)
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Given the apparent requirement for ATR and Chk1 in the
replication checkpoint and the hypothesis that ATR is
required for an intrinsic S-phase checkpoint, we examined
the possibility that Chk1 is phosphorylated during S phase.
The S-phase-dependent phosphorylation of this protein
has not been previously reported. Because only a small
fraction of Chk1 is phosphorylated even in the presence of
aphidicolin, we sought to further optimize the sensitivity of
our assay by analyzing the nuclear portion of Chk1. Under
these conditions, we could consistently detect phosphory-
lation of Chk1 in untreated extracts, although the extent of
the phosphorylation observed was always weaker than that
found in aphidicolin-treated extracts (Figure 5b). 
Discussion
The completion of DNA replication is monitored by a
feed-forward mechanism, known as the DNA replication
checkpoint, which controls the initiation of mitosis [1].
Many components of the DNA replication checkpoint
have been identified in a variety of lower eukaryotes.
Several studies have indicated that ATR may be an
upstream component of this process in higher eukaryotes,
and the sensitivity of cells expressing putative dominant-
negative ATR is consistent with this role [16]. However,
the fact that ATR disruption leads to early embryonic
lethality has made it difficult to test this hypothesis
directly [17]. We have taken advantage of the cell-free
Xenopus extract system to probe the functional conse-
quences of ATR depletion. Through biochemical manip-
ulation of the events that lead to DNA replication, we
have also defined the conditions that lead to association of
ATR with chromatin. We discuss the implications of
these results in the context of the current models for
checkpoint regulation. 
The checkpoint signal
Our chromatin-binding data support the proposed role for
ATR in the DNA replication checkpoint and provide
further insight into the mechanism of this pathway. Three
observations lead us to propose that ATR binds to chro-
matin in a replication-dependent manner: the association
of ATR with chromatin required initiation; the association
of ATR with chromatin increased and persisted when
replication was blocked with aphidicolin; and the dissocia-
tion of ATR from chromatin occurred at the completion of
DNA replication. Furthermore, the properties and timing
of the binding of ATR to chromatin suggest that the struc-
ture or protein(s) with which ATR associates is present
during S phase and is present in increased amounts when
replication is blocked with aphidicolin. 
Recent studies suggest that activation of the DNA replica-
tion checkpoint requires RNA synthesis by primase [23].
Consistent with this, we found that the association of
ATR with chromatin is prevented in the presence of actin-
omycin D, an inhibitor of primase. Aphidicolin blocks
extension of the RNA primer by DNA polymerase and, in
the presence of this drug, the DNA continues to unwind
[28]. Under these conditions, polα, a four-component
protein that contains the primase subunits, accumulates
on the DNA [23]. Thus, the timing of ATR’s binding to
chromatin and the aphidicolin-induced accumulation of
ATR on chromatin correlate with the presence of the
checkpoint signal. This suggests that ATR may be
required to recognize this signal and transmit the presence
of this signal to Chk1 and other effectors of the replication
checkpoint. Future studies will reveal if other sensor pro-
teins are required for the association of ATR with chro-
matin, or whether this association results from the direct
interaction of ATR with DNA.
Role of ATR in the replication checkpoint
If ATR is required to recognize and signal the presence of
a block in DNA replication to the cell-cycle machinery,
loss of ATR function should lead to loss of the replication
checkpoint. Our studies show that depletion of ATR leads
to a premature increase in the activity of Cdc2–cyclin B
when the checkpoint is induced by aphidicolin. Moreover,
we have also found that ATR depletion prevents the
aphidicolin-induced phosphorylation of a carboxy-termi-
nal fragment of Chk1. These results suggest that ATR is a
component of a pathway that causes cell-cycle arrest in
response to a block to replication. These results are con-
sistent with the hydroxyurea sensitivity observed on
expression of a dominant-negative ATR in human cells
[16]. However, they also extend these findings by provid-
ing direct biochemical evidence that ATR activates this
checkpoint by preventing the activation of Cdc2–cyclin B
through Chk1. Our results do not exclude the possibility
that ATR plays an additional role in DNA repair or recovery
from S-phase arrest.
The suggestion that Chk1 is downstream of ATR is sup-
ported by several additional observations. First, the cell-
cycle effects observed in Xenopus extracts after ATR
depletion were similar to those observed on depletion of
Chk1 [21]. Second, disruption of ATR and Chk1 in mice
leads to a similar phenotype, suggesting that these two
proteins are in the same pathway [17,30–32]. In addition,
expression of kinase-inactive ATR prevents the ultravio-
let (UV) radiation damage-induced phosphorylation of
Chk1 in mammalian cells, suggesting that ATR may reg-
ulate Chk1 after several types of genotoxic stress [30]. It
remains to be determined if the upstream events that
lead to activation of ATR after UV and aphidicolin treat-
ment are the same.
One important limitation to these results is that reconsti-
tution of the checkpoint could not be demonstrated as
protein of sufficient concentration and purity was not
available. Although even residual amounts of ATR pre-
vented detection of these effects, we cannot rule out the
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possibility that depletion of ATR also leads to loss of an
additional component of the checkpoint response. 
Evidence for an intrinsic S-phase checkpoint 
It has not been clear whether the replication checkpoint is
activated only in the presence of an active block to replica-
tion or if it is activated once DNA replication is initiated
and remains activated throughout S phase. Our results may
provide some insight into this question. We have shown
that ATR binds to chromatin in a replication-dependent
manner, and that its association with DNA is prevented by
actinomycin D. This suggests that the chromatin associa-
tion of ATR is dependent on the RNA portion of the
primer synthesized by polα during DNA replication.
Because this structure is required for extension of each
Okazaki fragment on the lagging strand, this signal is
present throughout S phase. ATR remained bound to chro-
matin throughout S phase, even in the absence of aphidi-
colin. In addition, depletion of ATR led to premature
mitosis even in the absence of aphidicolin treatment. The
same phenotype is observed upon depletion of Chk1, and
the phosphorylation of Chk1 is inhibited by actinomycin D
[21,23]. Thus, it seems plausible that ATR and Chk1 may
be components of an intrinsic checkpoint that enforces the
order of S and M phase in unperturbed Xenopus extracts. 
If this model is correct and Chk1 is also an effector of ATR
under these circumstances, one might expect that phospho-
rylation of Chk1 would be evident in unperturbed extracts.
The S-phase-dependent phosphorylation of Chk1 or Cds1
has not been previously reported in yeast or mammalian
cells, but we have observed the phosphorylation of Chk1 in
the absence of aphidicolin, albeit to a lesser extent than
that observed in aphidicolin-treated extracts. We believe
our ability to detect this phosphorylation may result from
the sensitivity and specificity of our assay. Thus, our data
are consistent with this model, but they do not rule out the
possibility that an alternative mechanism exists. Moreover,
it is possible that these observations may be a unique
feature of the cell cycle in the Xenopus extract system.
However, there are two results that are consistent with the
hypothesis that an intrinsic S-phase checkpoint may be
active in mammalian cells. The first involves the pheno-
type observed on disruption of ATR in mice [17,30–32].
Extensive chromosomal fragmentation is found in blasto-
cysts derived from these animals. This phenotype can
result from mitotic catastrophe or the fusion of an S-phase
cell with an M-phase cell [33]. Thus, the chromosomal frag-
mentation may result from loss of an intrinsic S-phase
checkpoint and entry of ATR–/– embryos into mitosis in the
presence of incompletely replicated DNA. Second, fusion
experiments between S- and G2-phase mammalian cells
demonstrate that mitosis is inhibited in both cells while
replication is ongoing. This is consistent with the presence
of an intrinsic checkpoint that prevents mitosis during
ongoing replication in higher eukaryotes [34]. 
Interestingly, in ATR-depleted, aphidicolin-treated extracts,
we still observed a short delay in the time required for
entry into mitosis relative to that observed in the absence
of aphidicolin (compare lower panels of Figure 4c,d). The
same effect is observed upon depletion of Chk1 [21].
Although the reason for this delay is not clear, it is possible
that it results from the formation of DNA damage during
S-phase arrest and the subsequent activation of an ATR-
independent DNA damage checkpoint. A similar argu-
ment has been proposed to explain the observation that
the hydroxyurea-induced phosphorylation of Chk1 can
only be observed in the absence of Cds1 in S. pombe [35].
However, there still appear to be some interesting differ-
ences in the phenotypes observed in ATR-depleted extracts
and rad3 mutants, as hydroxyurea-treated rad3 mutants
enter mitosis before untreated mutants [5,35]. 
In summary, our observations are consistent with the
model shown in Figure 6. We suggest that ATR is a replica-
tion-dependent chromatin-binding protein that is specifi-
cally dependent on the synthesis of the RNA primer by the
primase subunit of polα. This signal is present throughout
S phase and, as long as replication is not complete, ATR
remains bound to chromatin, preventing the premature
activation of Cdc2–cyclin B. This may be dependent on
Chk1. When replication is inhibited by aphidicolin, the
signal accumulates, leading to the increased association of
ATR with aphidicolin. This in turn results in increased
Chk1 phosphorylation and prolonged inhibition of mitosis. 
Materials and methods
Cloning of XATR
The cDNA for XATR was isolated in four steps using a PCR-based strat-
egy. Total RNA was isolated from mixed-stage oocytes and used to gen-
erate cDNA using the Superscript preamplification system (Gibco-BRL).
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Figure 6
Model for the role of ATR in the replication checkpoint. ATR is
required to monitor the progression of ongoing DNA synthesis and
for the proper cellular response to inhibitors of DNA replication.
Prior to initiation of DNA replication, the DNA is in a non-signaling
state. Once initiation occurs, DNA polymerase binds DNA, and an
RNA primer is synthesized by polα, leading to association of ATR.
As long as replication is not complete, ATR remains bound to DNA
and prevents the activation of Cdc2–cyclin B. As replication comes
to completion, ATR dissociates from the DNA. Cdc2–cyclin B can
then be activated and mitosis begins. When replication is blocked
by aphidicolin, additional ATR associates with DNA and further
phosphorylation of Chk1 occurs. This leads to prolonged inhibition
of mitosis. 
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Two degenerate oligonucleotides (sense, 5′-ATGTGYAARCCNAAR-
GANGA-3′; antisense, 5′-ARRCARTTRAARTCNACRTG-3′) correspond-
ing to amino acids 2324–2331 and 2492–2498 of human ATR were
used for the first round of PCR. Nested PCR was performed with the
resulting product using the sense oligonucleotide described above and
a second antisense oligonucleotide (5′-ATRTANCCNACCATNGACAT-
3′) corresponding to amino acids 2464–2470 of human ATR. A single
fragment resulted, and sequencing revealed that it encoded a protein frag-
ment homologous to human ATR. With this sequence, a gene-specific
oligonucleotide (5′-CGCAAAGATGCAGAATCACG-3′) was designed to
isolate the 3′ end of the cDNA using a 3′-RACE kit (Gibco-BRL). The
resulting fragment was cloned into the pGEM-TE vector (Invitrogen).
The sequence upstream of the 3′-RACE cDNA was obtained using a
gene-specific oligonucleotide (antisense, 5′-CCTCATGATGACCTCA-
CATG-3′) derived from the 3′-RACE product, and a degenerate
oligonucleotide (sense, 5′-GARGAYCCNGAYAARGA-3′) correspond-
ing to amino acids 814–819 of human ATR. PCR amplification of the
cDNA fragment was carried out using the Expand long template PCR
system (Roche Biochemicals). The resulting PCR product was ligated
into the Topo XL vector (Invitrogen).
The 5′ end of the cDNA was isolated using a 5′-RACE kit (Gibco-BRL)
and oligonucleotides derived from the middle cDNA fragment. A gene-
specific oligonucleotide (5′-CGATTCTATAAGGAACTGACAA-3′) was
used for priming the cDNA synthesis and two additional antisense
oligonucleotides (5′-GCAGCAGATGCAACAGTGCA-3′ and 5′-GAT-
ATCCGTCCTCACAGTCTG-3′) were used for amplification of the
cDNA by normal and nested PCR, respectively. All fragments were
independently isolated three times and fully sequenced. In positions
where the three clones were not identical, we assigned the consensus
sequence as that found in 2 of the 3 clones.
Preparation of Xenopus egg extracts and membranes
Interphase cytosol and demembranated sperm chromatin were pre-
pared as described previously [36]. Cycling egg extracts were pre-
pared from electrically activated eggs also as described [20]. NPE was
prepared according to the published protocol [27]. Interphase extracts
were driven into mitosis by the addition of recombinant, Xenopus ∆90
cyclin B after nuclear formation was complete. For each extract, the
cyclin was titrated into the extract to determine the appropriate con-
centration needed to observe the desired effects on the cell cycle.
Cell-cycle progression was monitored visually using phase contrast
and fluorescence microscopy and with histone H1 kinase assays [20].
Replication was monitored by measuring the incorporation of [α-32P]dATP
as previously described [1]. Membranes were isolated as previously
described [36]. To remove residual amounts of ATR from the mem-
brane fractions, two additional washes were incorporated, first using
ELB with 500 mM KCl and then using standard ELB (250 mM sucrose,
2.5 mM MgCl2, 50 mM KCl, 10 mM Hepes, 1 mM DTT, pH 7.7). 
Antibodies
A 20 amino-acid peptide (MATDPGLEMASMIPALRELC) correspond-
ing to the sequence at the amino terminus of XATR was conjugated to
maleimide-activated KLH according to the manufacturer’s instructions
(Pierce). Polyclonal rabbit antibodies (anti-XATR 1) were raised against
the peptide–KLH conjugate at a commercial facility (Josman Labs).
These antibodies were used for both immunodepletion of ATR as well
as western blotting. A His-tagged fragment corresponding to amino
acids 2349–2628 in XATR was used to raise a second set of poly-
clonal antibodies (anti-XATR 2). These antibodies were used exclu-
sively for western blotting. The Xenopus MCM7, ORC2, Cdc6, and
RPA antibodies have been previously described [28,29,37].
Constructs and recombinant proteins 
XChk1-∆KD, a fragment of the XChk1 gene encoding the carboxy-termi-
nal 215 amino acids, was cloned into the pCDNA3 expression vector
using standard methods [23]. Labeled XChk1-∆KD was in vitro tran-
scribed and translated in rabbit reticulocyte lysate (Promega) from the
T7 DNA promoter in the presence of [35S]methionine. Expression and
purification of GST–p27kip and Xenopus ∆90 cyclin B protein have
been previously reported [38,39].
Immunodepletion, chromatin-binding assay and western
blotting
XATR was removed from egg cytosol by three consecutive immunode-
pletions. Briefly, 50 µl of egg cytosol was mixed with 10 µl
protein A–sepharose 4B fast flow beads (Amersham Pharmacia) that
was prebound to 33 µl anti-XATR1 antiserum or the corresponding
pre-immune serum for 1 h at 4°C. Chromatin-binding assays and
western blotting were performed as described previously [40].
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